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Involucrin is a precursor protein of the cornified cell 
envelope in epidermal keratinocytes, where it has been 
located by immunohistochemistry in the upper spi-
noUS and granular layers of human epidermis. In the 
hair follicle, involucrin has been found in the inner 
root sheath and in the upper layers of the infundibu-
lulU and the isthmus (upper outer root sheath), whereas 
its presence in the lower outer root sheath and the cor-
tex has been controversial. Therefore, we analyzed the 
distribution of involucrin mRNA in adult scalp by 
Northern blotting and in situ hybridization. Northern 
blots showed more abundant involucrin mRNA in the 
follicular fraction than in the epidermal fraction of 
dissected scalp. In situ hybridization matched the im-
munohistologic results; transcripts of involucrin were 
I nvolucrin, a soluble cytoplasmic protein of 68 kD, is a sub-strate of keratinocyte transglutaminase and was suggested to serve as scaffold for the formation of the cornified envelope in epidermis [1 - 5]. Exact localization of inv.ol ucrin in. the hair fo ll icle is a matter of controversy. Some Immunohisto-
chemical studies have revealed expression restricted to the ~nner 
cells of the infundibulum and isthmus and to the cells of the mner 
root sheath (IRS) [6 - 8], whereas others have found involucrin to be 
present also in the inner cells of the outer root sheath (ORS) down 
co the hair bulb and in the cortex and medulla [9,10]. 
In this report, we describe the expression of involucrin mRNA in 
human epidermis and adult hair follicles as det~cted. by Northern 
blotting and itl situ hybridization and compare It with mvolucrm 
imm unohistochemistry. 
MATERIALS AND METHODS 
Chemicals All chemicals were of molecular biology grade and all solvents 
were AnaIR grade or higher. Where appropriate for RNA work, solutions 
were treated with 0.1 % diethylpyrocarbonate. 
expressed not only in the infundibulum and isthmus, 
but also in the hair cortex and medulla, in all layers of 
the inner root sheath, and in the inner cells of the lower 
outer root sheath (all of which lack a cell envelope at 
the ultrastructural level). However, involucrin was ab-
sent in the hair cuticle, which is the only compartment 
of the follicle possessing a morphologically distinct 
cell envelope. Our results suggest, first, that involucrin 
does not serve as a precursor protein of the cornified 
cell envelope in adult hair follicles, and second, that it 
is perhaps not necessary for the formation of the cell 
envelope in keratinocytes of the hair cuticle, as we did 
not find this precursor protein with highly sensitive 
methodology. Key words: cornified cell envelope/ keratino-
cytes.] Invest Dermatol103:815 -819,1994 
Riboprobe Prod~ction . pAI-3 H6B (pSP64) containing a 6-kb HindllI/ 
BamHI genomic I11vo lucnn DNA fragment [11] (generous gift of Dr. H. 
Green) was digested with Pst! to obtain a fragment of8s2 bp,located mainly 
wlthm the central segment of the second exon (Fig 1), which was subcloned 
into pGEM-4Z (Promega, Madison, WI) . pGEM-3 containing a loricrin 
c~N~ was constructed as described previously [12]. Using these plasmids, 
dlgoxl~enl11- l abeled anti-sense probe and a sense control were synthesized 
accordl11g to the manufacturer's protocol (Boehringer Mannheim, Mann-
heim, Germany) . Restriction sites for linearization were chosen so that 
riboprobes were largely devoid of vector sequences (Fig 1). DNA templates 
were removed with RNase-free DNase 1. 
Tissue For ill situ hybridization, normal scalp skin was fixed immediately 
for 48 h in phosphate.buffered saline 4% para formaldehyde. For immuno-
histochemistry, tissues were transferred immediately for 24 h to Teller-
Nitzky solution [10]. After fixation, tissues were dehydrated and embedded 
in paraffin according to standard procedures. For Northern blot analysis, 
RNA was extracted from scalp from which either the lower dermis and the 
subcutis ("epidermal" fraction) or the epidermis, the upper dermis, and the 
deep subcutis below the hair bulbs ("follicular" fraction) had been removed 
by dissection. In paralle!, RNA was extracted from cultured normal human 
J keratinocytes treated with 1.2 mM Ca++ 8 d previously. 
In S~tu Hybri~ization III situ hybridization was performed mainly as 
descnbed by Smith and Rees [13]. with several exceptions as noted. In short, 
6-/1m sectIOns ,:",ere placed on 3-aminopropyltriethoxysilane-treated slides 
[14]. deparaffimzed, and Immersed in phosphate-buffered saline before per-
meabilizati~n at ~7·C for 15 min with proteinase K (s/1g/ml). Following 
ImmerSIOn 111 0.2 Yo .glycl11e, acety lation for 10 mill at room temperature in 
O. ~ M trletl~ano lan~l11e,. 0.25% (v Iv) acetic anhydride in phosphate-buffered 
sa ll11e, a~d I11cubatlOn 111 4 X sodium citrate/sodium chloride buffer (SSe) 
for 10 ml11, the sections were prehybridized for 1 hat 42 · C in hybridization 
bu~er contal11l11g 4 ~ SSC, Denhardt's solution made up with globulin-free 
bovl11e serum albumlll (fraction V, Sigma, St. Louis, MO), yeast tRNA (O.S 
mg/ml, Bethe~da Research Laboratories, Rockville, MD), and freshly heat-
denatured hernng sperm DNA (I 00 /1g/ml, type IV, Sigma). For hybridiza-
tlOn,labeled probes were denatured for 10 min at 6S·C, chilled, and finally 
mixed With hybndlzanon buffer to give a final cRNA concentration of 
approKimately 3 ng//11. The probe was mixed with hybridization buffer, and 
30/11 of probe mixture was applied to each tissue section. Hybridization was 
performed at sO · C for 16 h in a moist chamber with 4 X SSe. The sections 
were washed three times (30 min ~ach, at SO·C in 50% formamide, 2 X 
SSC, 1 X SSC, and 0.5 X SSC, respectively), blocked in a solution contain-
1I1g 2% normal sheep serum (Inotech, Dottikon, Switzerland), 0.3% Triton 
X-I00, 0.15 M NaCI, and 0.1 M Tris (TXTBS), and incubated for 3 h with 
alkaline phosphatase-labeled anti-digoxigenin Fab fragments (Boehringer 
Mannhcim) diluted 1 : 500 in TXTBS with 1 % normal sheep serum. Finally, 
hybridized probes were detected by incubation with s-bromo-4-ch loro-3-
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Figure L Schematic of the involucrin riboprobe construct. Opell 
boxes: exons I and II. Shaded boxes: fragment used to synthesize riboprobes 
after subcloning into pGEM-4Z. A, Acel; H, HindIIl; P, Pst!. 
indolyl phosphate and nitroblue tetrazolium according to the manufac-
turer's protocol (Boehringer Mannheim). 
RNA Extraction and Northern Blot Analysis Total RNA was isolated 
with the guanidinium thiocyanate/phenol/chloroform method [15]. Ap-
proximately 13llg RNA was separated on 3-(N-morpholino)propanesul-
fonic acid-formaldehyde agarose gel (1.3%), transferred to Zetaprobe mem-
branes (Bio-Rad, Richmond, CA) [16], and cross-linked by ultraviolet 
radiation. The same involucrin and loricrin fragments used to generate 
riboprobes (see above) were labeled with 32P_dCTP by random priming [17] 
and used at a final concentration of 1- 3 X 106 cpm/ml. Prehybridization 
and hybridization were carried out at 65'C in 7% sodium dodecylsulfate, 
0.25 M sodium phosphate pH 7, 1 mM ethylenediaminetetraacetic acid and 
100 Ilg/ml salmon sperm DNA. Filters were washed at 42'C in 1 % sodium 
dodecylsulfate, 0.2 X SSC for 10 min, and at 65'C in 0.1% sodium dode-
cylsulfate, 0.2 X SSC for 30 min, and autoradiographed . 
Immunohistochemistry Immunohistochemistry was performed as de-
scribed previously [10] . Polyclonal rabbit antibodies directed against human 
involucrin (Biomedical Technologies Inc., Stoughton, MA) were applied 
for immunostaining according to the manufacturer's instructions at a dilu-
tion of 1 : 1. Antibodies were incubated without prior protease treatment, 
visualized by using the immunogold silver-enhanced staining technique 
according to the manufacturer's protocol (Auroprobe LM, Amersham Inter-
national, Bucks, UK), and counterstained with hematoxylin. 
RESULTS 
Northern Blotting In total RNA from different tissues (Fig 2), 
the involucrin probe used in this study identified a single band with 
a size of approximately 2.1 kb very similar to the one reported 
earlier for involucrin mRNA (11}. Involucrin mRNA was highly 
expressed in cultured differentiating normal human keratinocytes 
(Fig 2, lane 3). Levels of involucrin mRNA detected were higher in 
the follicular fraction (Fig 2, lane 2) than in the epidermal fraction 
of dissected scalp (Fig 2, lane 1). This result differs from results 
obtained for loricrin mRNA, which is found to be more abundant in 
the epidermal fraction (Fig 2, lane 4). 
In Situ Hybridization Involucrin transcripts were expressed 
from the middle spinous layers up to below the stratum corneum of 
normal human epidermis (Figs 3b and 4). In the IRS and the hair 
cortex, involucrin mRNA expression usually started at or near the 
critical line of Auber [18} (Figs 3e, 3f, and 4). The intensity of the 
signal in the fRS was higher than that observed in other compart-
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Figure 2. Expression of involucrin mRNA is greater in follicular 
fraction than in total epidermis. Northern blot analysis of mRNA from 
dissected total scalp containing mainly epiderm.is (Iall es 1 alld 4), from scalp 
devoid of epiderm.is and containing mainly hair bulb keratinocytes (Iatles 2 
alld 5), and from cultured differentiating normal human keratinocytes (lati fS 
3 and 6) with a probe for involucrin (Ialles 1 to 3) or loricrin (Ialles 4 to 6) . 
Isolation of total RNA and hybridization were carried Ollt as described in • 
Materials alld Methods . 
ments of the follicle or the epidermis. Hair cuticle cells did not stain, 
and weak expression of involucrin mRNA was found in the inner 
cell layers of the ORS, beginning at the B-fringe [19} (Figs 3e and 
4). Cornification abolished the expression of involucrin transcripts 
in cells of all thee pathways of follicular differentiation. In the 
isthmus and infundibulum, centrally localized cells stained for in-
volucrin mRNA expression in a pattern analogous to that in the 
epidermis (data not shown). Controls included sense transcripts, 
vector sequences, pretreatment of sections with RNase, and sham 
hybridization, which were all found to be negative (Figs 3c and g). 
Pretreatment with DNase did not alter the results, and a positive 
control using a loricrin probe showed the same pattern as described 
previously [12) (data not shown). Analysis of 25 different follicl es 
revealed similar results . These findings corroborate the predomi-
nant detection of involucrin and loricrin transcripts by Northern 
blot analysis in the follicular and epidermal fraction, respectively 
(see above). 
Immunohistochemistry Involucrin was detected as described 
previously for the epidermis (Figs 3a and 4) [20} and for the hair 
follicle (Figs 3d and 4) [9,10}. Comparison of the distribution of 
positive signals as revealed by immunohistochemistry and ill siw 
hybridization showed very similar results with both methods (Fig 
4). However, we noted a striking difference in the relative intensity 
of staining in the IRS in comparison to the other compartments of 
the hair follicle . By immunohistochemistry, all compartments of 
the hair follicle (Fig 3d) and the epidermis (Figs 3a) stained with 
similar intensity, whereas the intensity of the signal in the IR 
obtained by irl situ hybridization was distinctly higher than in the 
other compartments. 
DISCUSSION 
Controversy about the localization of involucrin in the hair follicle 
by immunohistochemistry prompted us to investigate its expression 
at the mRNA level. 11"1 siIH hybridization confirmed earlier immuno-
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Figure 3. Involucrin p~otein and mRNAalso are expressed in the lower ORS.and thehair cortex . . a) Involucrin protein is detected by immu.nohisto-
chemistry in the upper spmous layers of the epidermiS. b) I" 5/ (11 hybndlza tlOn reveals 111volucnn mRNA malllly from the middle spinous layer extendmg up to 
below the stratum corneum. d) Involucrin is found by immunohistochemistry 111 the cortex, the IRS, and the innermost cel l layers of the ORS; it is not detected 
in the hair cuticle. e, j) I" silll hybridization for involucrin mRNA in the hair follicle shows expression in the supramatrical zone of the hair cortex, high 
expression in the IRS, and small amount of mRNA in the ORS; no mRNA is detected in the hair cuticle. c) Epidermis andg) hair follicle show negative controls 
for i" silll hybrid ization with a sense probe. Scale bars, 50 11m. 
histochemical observations [9,10] that identified involucrin in all 
three differentiation pathways of the follicle, namely in the lower 
ORS, in the cortex, and in the medulla, in addition to its well-
known presence in the upper ORS and in the IRS [6 -8). Immuno-
histochemical studies that did not detect involucrin in the former 
compartments may have failed because of masking of epitopes or 
because of low amounts of antigen. The immunogold silver-en-
hanced staini ng technique used for this study is highly sensitive. 
Similarly, in situ h ybridization usin g single-stranded antisense RNA 
probes allows detection of as few as 20 copies of target mRNA per 
cell [21,22). Surprisingly, our results suggest that the involucrin 
gene is transcribed most abundantly wi thin the IRS , more than in 
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Figure 4. Schematic of involucrin mRNA and protein expression. 
Distribution of involucrin transcripts (right side) and protein (lift side) in the 
human hair follicle, not drawn to scale. 1) ORS; 2) Henle's layer of the IRS; 
3) Huxley's layer of the IRS; 4) cuticle of the IRS; 5) cuticle of the hair; 6) 
hair cortex and medulla. A) Adamson's fringe: boundary between the fully 
corn ified hair above and the keratogenous zone below; above Adamson's 
fringe the cornification of the IRS is complete. B) B-fringe: boundary be-
tween the keratogenous zone above and the supramatrical zone below, de-
fined by the loss of trichohya.line granules and the cornification of Henle's 
layer; at this site, the ORS becomes multilayered. C) Critical line of Auber, 
marking the boundary between the supramatrical zone above and the matrix 
below. 
any other compartment of normal human hairy skin. Neither im-
munohistochemistry nor in situ hybridization are capable of quanti-
fying involucrin in the various follicular compartments. The epi-
topes of involucrin may be masked or degraded differently during 
differentiation, or its transcripts may not be regulated identically in 
all parts of the follicle and the epidermis. Quantitative assays for 
involucrin protein in a single follicular compartment, such as im-
munoprecipitation, or nuclear run-off assays for its mRNA are not 
possible in the absence of separation techniques for these follicular 
compartments. 
The hair cuticle [23] and the superior portion of the ORS [24] are 
the only follicu lar compartments whose cells show a morphologi-
cally distinct cornified envelope. Thus, the absence of involucrin in 
the hair cuticle is surprising and indicates that it is perhaps not 
necessary for cornified envelope formation in this structure. Other 
follicular keratinocytes do not h ave a structurally distinct cornified 
envelope; the cuticle of the IRS [25] and the cells of Henle's and 
Huxley's layers [23,24] are presumed to have thickened cell mem-
branes that at most resemble cornified envelope. The predominant 
immunohistologic localization of involucrin at the cell peripheries 
in these compartments m ight indicate that it serves similar, yet 
undetermined, functions as in the epidermis. 
The finding that involucrin exists in the hair cortex may explain 
some of the characteristics of the hair coat in transgenic mice over-
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expressing human involucrin in a tissue- and differentiation-specific 
fashion [26]. Hair in these animals tends to stand erect, in contrast to 
the flat, smooth hair coat in normal mice. It has been suggested that 
this appearance is due to an abnormal structure of the IRS or ORS 
caused by excessive numbers of e-(y-glutamyl)lysine bonds [26]. 
The IRS is presumed to form the differentiating hair, and an abnor-
mal structure of the IRS is thought to influence the characteristics of 
hair [27]. Recently, however, abnormal hair also has been described 
in transgenic mice overexpressing a sheep wool keratin transgene in 
the cortex alone [28]. By analogy, it seems possible that the stiff hair 
quality in transgenic mice overexpressing involucrin also might be 
due to an abnormal structure of the cortex, as involucrin a lso is 
expressed in the cortex. Analysis ofinvolucrin transgenic mice with 
selective expression of the protein either in the IRS or in the cortex 
could elucidate this question. 
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